This work deals with electrorheological (ER) behaviour of moist crystalline cellulose dispersed in silicone oils of different viscosities (0.1, 0.35 and 1.0 Pa.s) in DC and 50 Hz AC electric fields. The experiments were performed on a parallel-plate viscometer with various width of the gap. In the AC field the intensity of the ER effect was lower and the rheological behaviour of suspensions was in accordance with the Bingham law. In the DC field, on the other hand, the flow curves were rather complex. Higher viscosity of the continuous phase limited reorganization of the ER structure in the flow field; hence, the ER effect intensity was lower. The plot of relative viscosity, η/η c , vs. the Mason number, Mn, provided a common line, which supports an idea of a pronounced influence of the ratio of viscous and polarization forces as the main factor controlling electrorheological properties of the system.
INTRODUCTION
Since the well-known Winslow's work of discovery [1] , investigation of electrorheological (ER) fluids has been the object of many studies. These systems consisting of electrically polarizable particles dispersed in a non-conducting liquid undergo a dramatic change in their inner structure and, consequently, a change in flow behaviour if an external electric field is applied. A survey of the most significant papers concerning this phenomenon can be found in reviews [1] [2] [3] [4] [5] .
It is assumed that on application of an external electric field (intensity in the order of kV/mm), solid suspension particles become polarized and, due to electrostatic interaction, form bead columns spanning the gap between the electrodes. Such change in the suspension structure deeply affects the rheological properties of the fluid, such as apparent viscosity and viscoelastic moduli. Under shear, the fluid may behave like a viscoplastic material with a yield stress. At higher shear rates, when the particle arrangement is destroyed by viscous forces overcoming attractive forces of polarized particles, the apparent viscosity decreases to a virtually constant value independent of the applied electric field strength.
The ER effect is induced by both AC and DC electric fields. In the case of an AC field, intensity of the effect is frequency dependent.
Cellulose as the active powder phase of ER fluids has been investigated both in unmodified form [6, 7] and in the form of its derivatives [8, 9] . As the particles are ineffective when dry, a certain, optimum, amount of water was used as a surface activator [7, [10] [11] [12] [13] . It is assumed that, upon application of an electric field, the mobile ions move towards one end of the particles, taking water molecules with them, which form a bridge with the neighboring particles. Then the shear resistance of the structure is caused by interfacial tension between the water and the ER carrier fluid [14, 15] .
In spite of a great many papers concerning the ER effect, there are still some not fully elucidated problems in this field. One of these is the comparison of the flow curves of particle suspensions in the continuous phase of different viscosity in both DC and AC electric fields. The investigation of these effects was the object of this research.
MATERIAL
Suspensions of crystalline cellulose particles (AVECIL PH -MO6) with an average diameter of 15 µm were supplied by Asahikasei, Ltd. and used as received (water content 4.9 wt. %, permittivity ε p =15). As the non-conducting medium, silicone oils (SO) of three different viscosities, 0.1 Pa.s (SO 100), 0.35 Pa.s (SO 350) and 1.0 Pa.s (SO 1000), and permittivity ε c = 2.1 -2.2 were used. All of them were obtained from Toshiba Silicone, Ltd. and used as received. 20 vol. % suspensions of cellulose particles in the oils were mixed in an impeller-type mixer, left at rest for at least a day and de-aerated in a vacuum chamber prior to each experiment.
METHODS

VISCOMETRY
Electrorheological experiments were carried out on a parallel plate rheometer (Simadzu Rheometer RM-1, Simadzu Seisakusyo, Ltd.), adapted for electrorheological measurements. The plate Dependence of the apparent viscosity, η, of the suspension in silicon oil SO100 on the shear rate, γ · (DC electric field, at 2 kV/mm; Gap width (mm): 1 (Ô),1.5 (Ó).
Figure 2 (right):
Dependence of the shear stress, τ, on the shear rate, γ · , for the suspension in silicone oil SO 350 (Electric field: DC (a), 50 Hz AC (b); Field strength (kV/mm): 0 (È), 1 ("), 2 (ı), 3 (Û)).
radius was 25 mm and the widths of the gap were 1 and 1.5 mm. The shear rate ranged from 2.1 to 41.9 s -1 . Experiments were performed in both DC and 50 Hz AC electric fields. The electric field strength ranged from 0 to 3 kV/mm and the temperature was set to 25°C.
PERMITTIVITY MEASUREMENT
The dielectric properties of the suspensions were measured by an LCR meter (Yokogawa-Hewlett-Packard, model HP4284A). The permittivity of the suspensions, ε s , was calculated as a ratio of the capacities of the measuring cell with the suspension and without it. The permittivity of suspension particles, ε p , was estimated from the permittivity of 20 vol. % suspension, ε s , and permittivity of silicone oil, ε c , using the volumeaverage relation [14] (1)
where φ is the volume fraction of particles in suspension. The permitivities were measured at 10 2 Hz.
RESULTS AND DISCUSSION
INFLUENCE OF THE GAP WIDTH
The experiments performed in the presence of an electric field showed that the apparent viscosity of the suspensions slightly varied with the width of the gap between the parallel plates of the viscometer. For suspensions in SO 100, i.e. in the lowest-viscosity silicone oil at lower shear rates, the apparent viscosity measured with 1.5 mm gap was a little smaller than that with 1 mm gap ( Fig. 1 ). As the shear rate increased, the difference in measured viscosities diminished. In the case of suspensions in higher-viscosity silicone oils, This behaviour could be explained as follows: A smaller width of the gap means that the particle chains are shorter, the stiffness of such structure is higher and thus a higher apparent viscosity of the suspension is observed. If the shear rate increases, the viscous forces rise, override the polarization forces and the difference in measured viscosity decreases. At higher viscosities of the continuous phase, the importance of stiffness in the particle chains is eliminated and, therefore, no difference in the apparent viscosity measured with different gap geometries is observed.
EFFECT OF DC AND AC ELECTRIC FIELDS
Measurement of viscosity of moist (4.9 wt. %) cellulose in all tested silicone oils showed a slightly non-Newtonian character of flow curves in the absence of electric field. On application of an electric field, the apparent viscosity of suspensions increased, especially at low shear rates. Unlike the results for silica-based suspensions published in the literature [17] , where DC and AC (50 or 60 Hz) fields cause much the same effect, our experiments showed that under these conditions the flow curves may differ considerably (Fig.2) . In the presence of the AC field, the intensity of the ER effect was much lower and the flow behaviour of the suspension could be simply described by the Bingham law in the whole range of shear rates where τ is the shear stress, τ o is the yield stress, η pl is the plastic viscosity and γ is the shear rate.
On the other hand, if the DC electric field was applied, after a short linear increase, the shear stress became independent of the shear rate, which suggests a rather more complex pseudoplastic flow.
The yield stress values obtained by extrapolation of flow curves in Fig. 2 to the zero shear rate showed a steep increase with the electric field strength similar to viscosity at low shear rates. In both cases, the yield stress-electric field strength dependence obey the power law
For the DC field the parameter a was about ten times higher than for AC field (Fig.3) . The exponent n for the AC field has the theoretical value 2 [16, 17] , whereas for the DC field it was only a little higher than unity.
This finding suggests that the ER effect induced by the AC electric field at low frequency depends on the specific character of the suspension and may considerably differ from the effect of the DC field. In the DC field, when the maximum polarization of suspension particles sets in, a more stable ER structure of suspension particles arises. In the AC field, if the polarization of the particles is able to follow the field oscillation, the ER effect is comparable with the DC electric field of the same strength. Obviously, this is the case in a suspension of silica particles reported in the literature [17] . Our results, however, showed a considerable decrease in the ER intensity when the 50 Hz AC field was applied, which indicates an inability of the cellulose particles to reach maximum polarization. Nevertheless, the flow curves under these conditions proved to be much τ 0 = aE n simpler than for the DC field, and the viscosity or yield stress -electric field strength dependences corresponded to theoretical relations.
EFFECT OF PHASE VISCOSITY
The viscosity of silicone oils influences the electrorheological response of the suspensions for two reasons: (i) A higher viscosity of silicone oil increases zero-field viscosity of the suspension; (ii) It prevents reorganization of the ER structure of the particles broken by the flow field. Fig. 4 shows the plot of shear stress vs. shear rate of suspensions in silicone oils of different viscosities in the AC field (0.1 and 1.0 Pas). The Bingham character of the dependences does not change with the viscosity of the continuous phase. The value of the yield stress, τ o , varies with the electric field strength while the plastic viscosity, η pl , for the suspension medium remains virtually unchanged. Dependences of the yield stress on the electric field strength for suspensions in the oils with lowest and highest viscosity are shown in Fig. 5 . In both cases the yield stress depends on E 2 linearly. At lower E values, the higher viscosity of the continuous phase results in a higher yield stress, but with increasing electric field strength, the yield stress of the suspension in a less viscous oil (SO 100) becomes larger. Slopes of the curves also vary with viscosity of the continuous phase and change from 10.7 (in SO 1000) to 17.8 (in SO 100). According to the bulk polarization theory [16] , the relative viscosity of electrorheological suspensions, η/η c , (ratio of apparent viscosity of a suspension and viscosity of the continuous phase), depends only on the volume fraction of the particles and the dimensionless Mason num- 
where ε o is the permittivity of the free space, ε c is the permittivity of the continuous phase, γ · is the shear rate, and E is the applied electric field strength. The particle dipole coefficient,
, is a measure of particle polarizability relative to that of the continuous phase in the electric field. Fig. 6 shows the relative viscosity, η/η c , of suspensions in silicone oils SO 100 and SO 1000, as a function of the Mason number. In line with the theory, the values obtained at different field strengths and shear rates are reduced to a single descending line, which takes a horizontal course at a constant viscosity η ∞ at the critical value of Mn.
CONCLUSIONS
The results obtained in the research may be summarized as follows:
The maximum intensity of the ER effect can be achieved in suspensions with low-viscosity continuous phase when the DC electric field is applied. Due to strong electrostatic interactions of particles polarized in one direction of electric field and quick reorganization of the ER structure, a more stable rigid particle arrangement is formed. On application of the flow field to this material, a high yield stress appears and a steep pseudoplastic decrease in viscosity with shear rate occurs.
In the AC field, where polarization of particles changes with frequency, weaker particle interactions set in and consequently a "softer" ER structure arises. In comparison with the DC field the suspension flows as a Bingham body. The yield stress is lower and the dependence of viscosity on the shear rate is less pronounced.
Under certain circumstances depending on the specific character of the particles, the particle polarization is able to follow the field oscillation when the field frequency is low. Then the ER effect may reach similar intensities for both AC and DC fields. 
